The objective of this study was to evaluate the quantitative relation between measured red blood cell acetylcholinesterase (RBC AChE) and plasma butyrylcholinesterase (BuChE) activities with exposure to chlorpyrifos (CPF) as assessed by measurement of urinary 3,5,6-trichloro-2-pyridinol (TCPy) in a study group of workers occupationally exposed in the manufacture of CPF and a referent group of chemical manufacturing workers. Measures of plasma BuChE and RBC AChE activity and urinary TCPy concentration collected over a year-long study (1999)(2000) in CPF-exposed workers (n ¼ 53) and referents (n ¼ 60) were analyzed using linear mixed models to characterize exposure-response relationships. Intraindividual variability in cholinesterase measures was compared between CPF-exposed workers and referents. Urinary TCPy concentrations in CPF workers were substantially elevated compared to referents, with median and 95th percentile concentrations during typical employment conditions 10-fold and more than 30-fold higher, respectively, than corresponding measures in the referents. Intraindividual variability in cholinesterase activities was substantial, with 17% of unexposed referents experiencing one or more plasma BuChE measures more than 20% below baseline over a year of repeated, periodic measurements. RBC AChE activity, an early biomarker of effect, was unrelated to urinary TCPy concentration over the entire range of exposure, up to 1000 mg TCPy/g creatinine (Cr). Plasma BuChE activity, a non-adverse biomarker of exposure, was negatively related to urinary TCPy concentrations above approximately 110 mg TCPy/g Cr. No-effect levels for inhibition of plasma BuChE and RBC AChE corresponding to absorbed doses of CPF of approximately 5 and greater than 50 mg/kg/day, respectively, were identified. These findings are consistent with previous no-effect level determinations for ChE inhibition in humans and suggest that general population CPF exposure levels are substantially below the identified no-effect levels. The doseresponse relationships observed in this study are consistent with predictions from the previously published physiologically based pharmacokinetic/ pharmacodynamic model for CPF. Intraindividual variability in measured cholinesterase activities in referents was substantial, suggesting that ongoing monitoring programs may have a substantial rate of false positives.
Introduction
Chlorpyrifos (CPF) and related organophosphate insecticides can inhibit B-esterases, resulting in neurological effects at exposures sufficient to substantially inhibit brain acetylcholinesterase (AChE) activity (reviewed in Zhao et al., 2006) . Inhibition of red blood cell (RBC) AChE activity is recognized as an early biological marker of this critical effect in numerous current risk assessments of CPF, with substantial inhibition of RBC AChE activity occurring at exposures below those resulting in inhibition of brain AChE activity (ATSDR, 1997; USEPA, 2000; van Gemert et al., 2001; Health Canada, 2003; UK ACP, 2003; WHO, 2004; Zhao et al., 2005 Zhao et al., , 2006 . Plasma butyrylcholinesterase (BuChE) activity, which constitutes 99% of human plasma B-esterase activity (van Gemert et al., 2001) , can be inhibited at exposures below those required to inhibit RBC AChE, but no adverse biological effects are causally associated with the inhibition of plasma BuChE (Nolan et al., 1984; Lotti, 1995; Albers et al., 2007) . However, changes in cholinesterase (ChE) activity can occur in response to exposure to other compounds as well, so monitoring ChE activity is not specific to CPF.
Monitoring of ChE activity through measurement of RBC AChE activity is recommended by the American Conference of Governmental Industrial Hygienists (ACGIH) for workers potentially exposed to ChE inhibitors and is required in certain states (see, for example, Washington State Department of Labor and Industries, 2008 , requirement for plasma BuChE monitoring) for individuals who mix, load or apply organophosphate pesticides including CPF. The action levels for BuChE inhibition in Washington state trigger risk management activities to evaluate and reduce routes of exposure (20% reduction from baseline) or remove the worker from exposure (40% reduction from baseline).
3,5,6-Trichloro-2-pyridinol (TCPy) is a metabolite of CPF and chlorpyrifos methyl. Its presence in urine is regarded as a specific marker for exposure to these compounds in the occupational setting, although in the general population it is also a marker for direct exposure to TCPy, mostly from TCPy in food (Morgan et al., 2005) . Urinary TCPy is used to assess exposure to CPF in the population at large (Barr et al., 2005; CDC, 2005) and among applicators and their families (Alexander et al., 2006) . Urinary TCPy has been measured in epidemiological studies of children (Berkowitz et al., 2004; Eskenazi et al., 2004 Eskenazi et al., , 2007 , pesticide applicators (Steenland et al., 2000) and manufacturers (Albers et al., 2004a) . None of the studies, however, has analyzed the relationship between urinary TCPy and ChE activity, measurements that represent a range of biomarkers of exposure and effect for CPF.
There exists a continuum between external exposure to a chemical and an eventual resulting clinical effect (Figure 1 ; NRC, 2006) . Biological monitoring can provide information regarding internal doses or early biological effects (which are most informative as biomarkers of exposure) or of biological responses corresponding to altered structure or function preceding an adverse effect (biomarkers of response).
In the context of the continuum between external exposure and adverse effects as presented in the NRC report on biological monitoring (Figure 1) , inhibition of plasma BuChE activity is best regarded as an early biological response, which falls within the category of biomarkers of exposure because no adverse effects are associated with inhibition of BuChE. RBC AChE inhibition, in contrast, is regarded as an early precursor event to the critical effect of interest, inhibition of brain AChE activity. As such, RBC AChE can best be regarded as an early biomarker of effect, and in this context has been recognized as an appropriate and conservative basis for establishment of a point of departure for risk assessments of CPF and other AChE inhibitors.
A longitudinal study of neurological end points in CPF workers has been previously reported Albers et al., 2004a Albers et al., , b, c, 2007 . In addition to the comprehensive neurological examination components that were the focus of the study, the researchers compiled a unique data set including measures of plasma BuChE and RBC AChE activities and urinary TCPy excretion collected repeatedly over the course of a year in a population with documented occupational exposures and a reference population. These data provide an opportunity to assess the quantitative relationship between two biomarkers of exposure: plasma BuChE activity, which is used in the occupational environment, and urinary TCPy concentration, which is often measured in general population biomonitoring efforts (CDC, 2005) . In addition, this robust data set provides realworld human exposure-response data for RBC AChE inhibition, allowing a direct comparison to the human noeffect levels established in previous controlled clinical studies using small numbers of individuals. Finally, these data provide a basis for comparison with and evaluation of the predictions of the previously developed physiologically based pharmacokinetic and pharmacodynamic (PBPK/PD) model developed by Timchalk et al. (2002b) .
Methods

Study Population
The study population was previously described in publications by Burns et al. (2006) and Albers et al. (2004a Albers et al. ( , b, c, 2007 . Briefly, the study group consisted of 53 CPF manufacturing workers and a referent group of 60 workers in the Saran manufacturing process with no occupational exposure to organophosphate pesticides or ChE inhibitors (Table 1 ). All participants underwent physical examinations approximately 1 year apart in the fall of 1999 and the fall of 2000. As part of the physical examinations, first morning void urine samples were collected and analyzed for TCPy. At these two examinations, blood samples were collected and analyzed for AChE activity in all participants, and for BuChE activity in referents. In CPF workers, BuChE activities were monitored approximately monthly in a separate, ongoing biological monitoring program. This program also included a preexposure measurement of plasma BuChE activity (a ''baseline'' measurement) for each individual employed on the CPF process. In the referents, BuChE activities were also measured approximately monthly between the fall 1999 and fall 2000 examinations.
Markers of Exposure
Markers of Susceptibility
Markers of Effect
In addition to the two measurements made during the physical examinations, TCPy measurements were also made on first morning void urine samples collected during the spring of 2000, a time period when investigators hypothesized that pesticide use may have occurred outside the occupational environment (e.g., in agriculture). TCPy was also measured in urine samples collected during the annual fall 2000 plant shutdown and maintenance period (called ''turnaround'') under the assumption that atypical exposures could occur during such activities.
Analytical Methods
Urinary 3,5,6-Trichloro-2-pyridinol: First morning void urine samples were collected by each test subject, using a container provided by The Dow Chemical Company (Dow). Samples were stored in a À201C freezer until analysis and then were analyzed for TCPy and creatinine (Cr) by personnel at Dow using GC/MS and HPLC/UV methods according to Dow method AL no. 2000-7. In addition, spiked samples, spanning a TCPy concentration range of 0.026-0.260 mg/ml, submitted by the University of Michigan, were analyzed for stability determination. The limit of quantitation for this method was defined as 0.002 mg/ml. Plasma BuChE Activity: Blood was collected in a capillary tube by finger-stick and the analyses were performed at Mid-Michigan Regional Medical Center, Midland, MI. Analysis of plasma BuChE was performed using the VITROS CHE Slides and the VITROS Chemistry Products Calibrator Kit 6 on VITROS Chemistry Systems (Johnson & Johnson). The VITROS CHE Slide is a multilayered, analytical element coated on a polyester support. A drop of patient sample is deposited on the slide and is evenly distributed by the spreading layer to the underlying layers. ChE hydrolyzes butyrylthiocholine to thiocholine. The liberated thiocholine reduces potassium hexacyanoferrate III (potassium ferricyanide) to potassium hexacyanoferrate II (potassium ferrocyanide). The rate of color loss is monitored by reflectance spectrophotometry. The rate of change in reflection density is proportional to the ChE activity in the sample. RBC AChE Activity: Venous blood (5 ml) was drawn into a lavender top Vacutainer tube preserved with EDTA and shipped on ice to Labcorp, 1447 York Street, Burlington, NC 27215 for analysis. AChE activity was measured in a hemolysate of washed RBCs. Enzyme activity was measured using an acetylthiocholine ester as the substrate. Released thiocholine reacts with Ellman's reagent (dithiobis nitrobenzoic acid), releasing 5-mercapto-2-nitro benzoic acid, which was measured photometrically.
Statistical Analysis
Intraindividual Variation in BuChE Activity: A primary interest in monitoring BuChE activity in this study was to assess the intrasubject variation (fluctuations of ChE measurements within the same subject). The intrasubject variance was calculated for each participant. Then, the mean, standard deviation and coefficient of variation (CV) of the intrasubject variation were calculated within the CPF and referent groups and were compared between groups. An assessment was made of how often subjects experienced appreciable declines in BuChE activity from baseline over the year of testing for each group. Kaplan-Meier survival curves were calculated for referent and CPF workers, with failure defined as a 20% or greater decrease from the individual's baseline BuChE activity.
Plasma BuChE in Relation to Urinary TCPy: Each subject had a series of measurements of BuChE activity and TCPy excretion over time, as well as fixed covariates: age, sex, body mass index, smoking habits, drinking habits, examination time (fall 1999, spring 2000 and fall 2000) , paraoxonase 1 (PON1) phenotype and chlorpyrifos oxonase activity. To assess the relationship between CPF exposure and BuChE activity, each subject's measurements of TCPy and BuChE that were taken within 7 days of each other were selected. This time period reflects the recognition that TCP is eliminated in urine with a half time of approximately 27 h, so that measurement of urinary TCP on any given day reflects exposures occurring within the previous 3-5 days (Nolan et al., 1984) . Similarly, plasma BuChE activity recovers from inhibition with a half time for recovery of approximately 8-9 days, with relatively complete recovery from acute inhibition expected within approximately a month (Nolan et al., 1984; Timchalk et al., 2002b) .
The outcome of interest was the ratio of measured BuChE to preexposure baseline BuChE (in CPF workers) or to the first measure of BuChE (in the referent workers), referred to subsequently as ''BuChE ratio''. The marginal association between the BuChE ratio and ln(TCPy) was examined using scatter plots, which suggested that the BuChE ratio was constant as TCPy increased to approximately 100 mg/g Cr, then decreased as TCPy increased further ( Figure 5 ). To properly describe this relationship, piecewise linear mixed models were used. As the piecewise model demonstrated a slight, non-significant positive relationship between the BuChE ratio and ln(TCPy) at low ln(TCPy) values, and there was no biological explanation for this, we forced a flat slope at low values and allowed the piecewise regression to estimate the slope and cutpoint that best fit the data (measured by the smallest Aikake's Information Criterion). Forward stepwise selection of covariates was used, with the criterion of Po0.05 for retention of covariates in the model. Statistical analyses were conducted using SAS version 9.1 (SAS Institute, Cary, NC, USA). The fall 2000 turnaround samples were omitted from linear mixed models because of the dynamic nature of potential exposures during this period compared to the more consistent exposures during normal operations during the rest of the year.
RBC AChE in Relation to Urinary TCPy: RBC AChE activities were measured at two time points directly coincident with the measurement of urinary TCPy concentrations (during the two physical examinations) in all study participants. Linear mixed models were used to estimate the change in AChE activity over time in relation to urinary TCPy excretion while controlling for covariates (as described above). Because no ''baseline'' AChE measures were collected for CPF workers, the modeling was conducted on the raw activity data.
Estimation of Absorbed CPF Dose: Under steady-state CPF exposure conditions, and with the assumption that all TCPy in urine is derived from exposure to CPF, the amount of TCPy excreted daily in the urine is equal (on a molar basis) to the moles of CPF absorbed systemically. To estimate the absorbed daily dose of CPF in mg/kg bodyweight per day associated with a given urinary concentration of TCPy (mg/g Cr), the following equation can be used:
where CPF MW and TCP MW are the molecular weights of CPF (350.6) and TCPy (198.4) , respectively, CR the daily Cr excretion rate in g/day, and BW bodyweight in kg. Predicted dose-response relationships for the inhibition of plasma BuChE, RBC AChE and brain AChE as a function of urinary TCPy excretion under conditions of steady-state exposure were generated using the previously developed PBPK/PD model for CPF from Timchalk et al. (2002b) . The model was run to steady state at a range of absorbed doses from 0.03 to 3000 mg/kg/day, and the percent inhibition of each ChE as a function of urinary TCPy excretion at each steady-state dose rate was recorded.
Results
The age, gender distribution and anthropometric characteristics of the CPF and referent groups were similar (Table 1 ). The measured urinary TCPy concentrations at each time period in the CPF and referent workers are presented in Table 2 . The median TCPy concentrations in CPF workers ranged between 37 and 59 mg/g Cr over the four time points, whereas the 95th percentiles of non-turnaround TCPy concentrations ranged from 346 to 987 mg/g Cr. TCPy concentrations measured during the plant turnaround period included measurements that were far higher, with the 95th percentile at 7403 mg/g Cr. Urinary TCPy measures in referent workers were relatively consistent over the course of the study, with median values between 3.2 and 6.6 mg/g Cr Multiple measures of BuChE activity over the study year were available for nearly all participants. Among CPF workers, the median number of measurements was 12 (25-75th percentile, 8-14 measurements). Among referents, the median number of measurements was 11 (25-75th percentile, 9.5-12 measurements). The BuChE activity was similar between the CPF and referent groups at baseline (Table 3) . However, on average, the CPF workers had greater intrasubject variation than the referent workers (mean intrasubject variation ¼ 733,333 for CPF versus 427,670 for referents). In addition, the standard deviation of the intrasubject variation was larger among the CPF workers (555,412) than among the referents (297,277). Among the referents, the intraindividual variation represents the test variation in the absence of exposure, which is similar across individuals. In contrast, in the CPF workers the intraindividual variation was larger because response to CPF exposure also contributed to the observed variation. The distribution of BuChE activity in referent workers is of particular interest because there is little published data on variation in BuChE activity within subjects among working populations not exposed to ChE-inhibiting chemicals; these data provide an opportunity to understand the inherent intrasubject variation in this measurement.
Kaplan-Meier survival plots for referent and CPF subjects indicate that over the year of follow-up, 17% of referent workers had at least one measured BuChE that was lower than the baseline measure by 20% or more (Figure 2 ). This indicates that even in the absence of any known exposure to ChE-inhibiting agents, a substantial proportion of subjects had substantial changes in measured BuChE activity, adequate to require employers to take protective actions in some jurisdictions. Of the 53 CPF workers, 3 workers either had no BuChE measurements or obtained only their initial measurement during the year of observation. For 13 of the remaining 50 CPF workers, the initial measurement during the year of observation was 20% or more below their baseline. Of the remaining 37 CPF workers, 43% experienced a measured BuChE activity that was 20% or more below baseline during the year of observation, a substantially greater proportion than among the referent workers.
The PBPK/PD model predictions of inhibition of plasma BuChE, RBC AChE and brain AChE activities as a function of urinary TCPy excretion at steady-state exposure in humans are presented in Figure 3 . The model predicts that no inhibition of RBC AChE activity will be observed until exposure levels sufficient to produce substantial inhibition of plasma BuChE activity (greater than 50% inhibition) are attained. Inhibition of brain AChE activity occurs at higher exposure levels, with inhibition predicted to begin to occur only at doses at which complete inhibition of plasma BuChE activity is observed.
RBC AChE Activity in Relation to Urinary TCPy
As previously reported, there were no statistically significant differences in RBC AChE activity between CPF and referent workers at either examination (Albers et al., 2004c) . No relation between urinary TCPy concentration and RBC AChE activity was observed over the entire exposure range, nor was there any evidence of a cutpoint where AChE declined with increasing TCPy (Figure 4) . The linear mixed model found no relationship between AChE and ln(TCPy) (P ¼ 0.91). Small but statistically significant effects of exam date (fall 2000 was 344 mU/ml higher than fall 1999, P ¼ 0.0004) and current smoking (smokers were 399 mU/ml higher than non-smokers, P ¼ 0.01) were identified in regression analyses, but none of the other covariates examined were significantly related to RBC AChE activity.
Plasma BuChE Activity in Relation to Urinary TCPy
Various time windows ranging from 5 to 14 days for paired BuChE and TCPy samples were examined. Requiring sample collections for the two parameters within 7 days of one another resulted in an optimal combination of sample size (161 paired measures: 84 derived from 44 CPF workers and 77 derived from 49 referent workers) and model performance (results not shown). The ratio of current BuChE to baseline BuChE was inversely related to the natural logarithm transformed TCPy (ln(TCPy); Table 4 ). The intercept was 0.97 (SE ¼ 0.02), and there was no statistically significant relationship between TCPY and BuChE ratio up to the cutpoint of ln(TCPy) ¼ 4.7 (corresponding to 110 mg TCPy/g Cr). Above this cutpoint, for each unit increase in ln(TCPy) the BuChE ratio decreased by 21% (Po0.0001). There was a small effect of season, such that the BuChE ratio was 0.04 (P ¼ 0.06) and 0.05 (P ¼ 0.01) units higher in fall 2000 and fall 1999, respectively, than in spring 2000.
The measured urinary TCPy concentrations in this study range up to approximately 1000 mg/g Cr. Using Eq. (1) and the method of Mage et al. (2004) to estimate Cr excretion rates, and assuming that all urinary TCPy is due to CPF exposure, the estimated absorbed daily dose rate of CPF associated with a measured TCPy concentration under steady-state conditions can be estimated. On the basis of this relationship and the average height and weight of individuals in this study, a measured urinary TCPy concentration of 1000 mg/g Cr would correspond to an absorbed CPF dose of approximately 50 mg/kg/day; and in general, an estimate of approximately 1 mg/kg/day absorbed dose of CPF would be attributable to each increment of 20 mg/g Cr urinary TCPy.
Discussion
The data regarding ChE activity and urinary TCPy concentration collected as part of a comprehensive longitudinal study of neurological end points in CPF and referent workers and analyzed here present an opportunity to evaluate the exposure-response relationships between ChE activity and urinary TCPy as a marker of exposure to CPF Albers et al., 2004a Albers et al., , b, c, 2007 . No relationship between urinary TCPy and RBC AChE inhibition was observed over the entire range of exposures encountered in this occupationally exposed population, despite the substantial sample size, the collection of repeated measures of AChE activity and urinary TCPy, and the substantial CPF exposures experienced by portions of the study population. The range of urinary TCPy excretion measured here indicates absorbed doses of CPF up to approximately 50 mg/kg/day in this population over the course of the study period under the normal plant operating conditions; higher exposures were encountered during the plant turnaround activities, as indicated by higher urinary TCPy measures. The lack of any observed relation between urinary TCPy and RBC AChE inhibition in the exposure range up to 50 mg/kg/day encountered during the normal plant operations is consistent with the previous small controlled human studies identifying 100 mg/kg/day of CPF ChE activity and urinary TCPy Garabrant et al. as a no-effect level for RBC AChE inhibition (reviewed in van Gemert et al., 2001) . Similarly, a no-effect level for RBC AChE in dogs following chronic dietary exposure has also been estimated at 100 mg/kg/day (Mattsson et al., 2001) . In turn, the lack of effect on RBC AChE activity observed in this population is also consistent with the finding of no differences in neurological function related to exposure in the exposed workers compared to the referents (Albers et al., 2004a (Albers et al., , b, c, 2007 . With respect to plasma BuChE inhibition, the no-effect level or cutpoint of 110 mg TCPy/g Cr identified in the modeling is consistent with an absorbed steady-state CPF dose of approximately 5 mg/kg/day (see Figure 5 ). This result is consistent with an early human clinical experiment, in which a no-effect level for plasma BuChE inhibition of 7 mg CPF/kg/day oral dose was estimated based on a repeated dosing study in human volunteers (Coulston et al., 1972) . Assuming 70% absorption by the oral route of exposure (Nolan et al., 1984) , this dose rate corresponds to approximately 5 mg/kg/day absorbed dose, essentially identical with the cutpoint identified in the modeling here.
Finally, the dose-response data presented here for both plasma BuChE and RBC AChE display striking consistency with the predictions of the PBPK/PD model of Timchalk et al. (2002b) (see Figures 4 and 5) . These data can be regarded as providing validation for the PBPK/PD model in the exposure ranges encountered in this study, and support use of the model in other contexts.
Substantial inter-and intraindividual variability in measured AChE and BuChE activity among referent workers not occupationally exposed to CPF was observed in this study. The ACGIH Biological Exposure Index for AChE inhibitors sets a threshold of 30% reduction from baseline of RBC AChE in the occupational environment, noting that no adverse neurological consequences are expected until inhibition of RBC AChE exceeds that benchmark and that variation of up to that degree can occur as a result of normal variability (ACGIH, 2001) . The data in this study are consistent with that degree of intraindividual variability. On the basis of data presented here for the referent workers, it appears that plasma BuChE exhibits similar variability, with 17% of the referents experiencing one or more measured plasma BuChE values 20% or more below baseline over the course of a year of repeated, periodic measurements. This suggests that use of a threshold of 20% inhibition of plasma BuChE activity from baseline to indicate elevated occupational exposures will result in a substantial rate of false positives over time.
The lack of any relationship between RBC AChE and urinary TCPy concentrations over the range of exposures in this study is relevant to the interpretation of general population biomonitoring data. Urinary TCPy excretion in the general population is being measured as part of the ongoing CDC National Exposure Reports (CDC, 2005) . In the most recent report, the upper 95th percentile of urinary TCPy concentration in adults was approximately 10 mg/g Cr in urinary samples collected during [2001] [2002] . No relation between urinary TCPy and RBC AChE was observed in the current study up to urinary TCPy concentrations of approximately 1000 mg/g Cr. Thus, these results suggest a margin of exposure of 100 or more between current CPF exposures in the general population and exposures resulting in no effect on RBC AChE. However, the actual margin of exposure between general population exposure and the upper bound exposures to CPF (with no effect on RBC AChE) in this study is likely to be substantially higher due to non-CPF contributions to urinary TCPy in the general population.
Urinary TCPy is regarded as a relatively specific marker of exposure to CPF and chlorpyrifos methyl (Barr and Angerer, 2006) . However, urinary excretion of TCPy can also occur following exposure to TCPy itself, because TCPy occurs in foods and the environment as a relatively stable degradate of CPF, but is not the moiety responsible for ChE inhibition. A recent study quantified exposures to CPF and TCPy from diet and inhalation and dermal contact in a group of preschool-aged children (Morgan et al., 2005) . The authors found that preschool-aged children had aggregate exposure of 3 ng/kg/day of CPF and 38 ng/kg/day of TCPy from all sources combined, with the majority of aggregate exposure occurring due to dietary exposures. In addition, the authors found that these combined sources of CPF and TCPy exposures could only account for approximately 30% of the daily TCPy excreted in urine (Morgan et al., 2005) . Recent experimental work in rats has confirmed that TCPy can be directly absorbed and excreted in urine unchanged (Timchalk et al., 2007) . Taking this information into account, Barr et al. (2005) as low as 3-10%). Using this assumption, Barr et al. (2005) estimated that 95th percentile intakes of CPF in general population children, adolescents and adults based on the NHANES data sets were 0.06, 0.034 and 0.036 mg/kg/day, respectively. These exposures are 1000-fold or more below the upper end of estimated exposures in this study, exposures that were associated with no inhibition of RBC AChE.
Several limitations are inherent in this study. First, because evaluation of the relationship between ChE activity and urinary TCPy was not the primary goal of this study, the study design did not call for simultaneous collection of blood for plasma BuChE measures and urine samples. However, the samples for measurement of RBC AChE activity were collected on the same day as the corresponding urine samples. Second, because the study population included only workers from the CPF or Saran manufacturing processes, no children, elderly or otherwise infirm individuals were included in the study, and thus, no assessment of potentially increased sensitivity in such populations could be made. The study design could not address all sources of potential interindividual differences in sensitivity to CPFinduced ChE inhibition, although at least one factor was included in this analysis. Previous research has indicated a relationship between PON1 phenotype and sensitivity to CPF-induced ChE inhibition (reviewed in Furlong 2007), indicating a marker for potentially sensitive subpopulations, but in these analyses PON1 phenotype was not a significant covariate in the regression models. This result is consistent with previous analyses using the PBPK/PD model, which suggested little impact of PON1 phenotype on responses to CPF at the exposure levels observed in this study (Timchalk et al., 2002a) . Third, no baseline RBC AChE measures were collected for the CPF workers, so no direct evaluation of a change from preemployment baseline on an individual basis could be made. However, the inclusion of a referent population and evaluation of the relationship between absolute RBC AChE activity and urinary TCPy across both the exposed and referent populations mitigates this limitation. Finally, estimations of daily CPF doses corresponding to the measured TCPy concentrations presented here are approximate due to the use of spot urine samples, estimates of average Cr excretion and the assumption of steady-state exposures.
The data presented here, collected prospectively over time from a real-world occupational population that includes a substantial proportion of women, provide a robust data set confirming a lack of biologically relevant response to CPF at exposures substantially above general population exposures. Although this data set does not include children, elderly or other potentially sensitive subpopulations, the substantial margin of exposure suggested here based on biological monitoring indicates that general population exposures to CPF are likely to be below exposures associated with inhibition of RBC AChE (the basis of current risk assessments for CPF), and by extension, below exposures associated with inhibition of brain AChE, even in such subpopulations. These data also provide a quantitative relation between monitored BuChE activity and absorbed CPF dose in the occupational environment at elevated CPF exposures, confirming the use of BuChE as a biomarker of exposure in this context.
